a solute diffuses may cause the observed, or effective diffusion coefficient (D e ) to be lower than the diffusion demonstrated that the process of sectioning a soil column may cause errors in D e estimates. As an alternative, they proposed a reservoir-cell method, where a reservoir of water spiked with a solute is allowed to diffuse into
D
iffusion is the predominant mode of solute transan adjacent soil column. This method was shown to be port in soils where advection is negligible (Sawatsky more accurate and less labor intensive than the half-cell et al., 1997). Diffusion may also have a strong influence method. A review of these and other similar methods is on solute concentration within mobile pores of a dual presented by Shackelford (1991) and Flury and Gimmi porosity medium or in soil of low permeability containing (2002) . A more recent modification to these standard fractures or macropores. A small mass exchange by diffumethods is the use of a radial diffusion cell (Novakowski sion from the mobile to the immobile region (or vice versa) and van der Kamp, 1996; van der Kamp et al., 1996) , is likely to cause a large change in solute concentration which consists of a small, cylindrical reservoir drilled within the mobile region (Coats and Smith, 1964) . Alinto a saturated soil or till core along its axis. The sample though diffusion may take place at the pore scale, when reservoir is filled with a solution of known tracer concendiffusion controls the concentration of solutes in the tration, which is then monitored at discrete times. Effecmobile region (e.g., fractures), diffusion may influence tive diffusion parameters (D e and De ) are estimated by concentration tens or hundreds of meters downgradient fitting a radial diffusion model to the time-concentration (McKay et al., 1993) . Quantification of solute diffusion curve generated from the experiment (Novakowski and is therefore critical to our overall understanding of solvan der Kamp, 1996) . Among the benefits of the method ute transport, most notably in fractured soils.
are (i) ease of sample collection and preparation, (ii) Diffusion is a function not only of the solute but also minimal sample disturbance, (iii) no sectioning of the of characteristics of the fractured-porous medium. For soil sample, and (iv) that an estimate of De may be obexample, the tortuosity of pore throats through which tained.
We describe a series of experiments on eight samples and Simpkins, 1996) . The primary till unit is the Hickory Hills Member of the Wolf Creek Formation, which is Pre-Illinoian in age and approximately 500 000 yr old (Kemmis et al., 1992) . Soil parent material is actually pedisediment derived from late Wisconsinan to Holocene erosion of till. The soil series at the IES site is the Kenyon, a Typic Hapludoll of the KenyanFloyd-Clyde soil association. The Southern Iowa Drift Plain (SIDP) site is located in Coralville, Iowa (Fig. 1) . At the SIDP site, the entire 30-m sequence of unconsolidated deposits had recently been removed to provide quarry access to limestone. Stratigraphic studies at the site (Kemmis et al., 1992) report the presence Peoria Formation loess caps Pre-Illinoian till units at the site. The Fayette-Downs soil association occurs in most of the were used to simulate solute transport through fractured uplands and the main soil series is the Fayette silt loam, a till as part of a larger study (Helmke, 2003; Helmke et al., Typic Hapludalf. 2004). The diffusion experiments were conducted under saturated conditions because most of the till sequence Sample Preparation and Diffusion Cell Construction (1 to Ͼ30 m depth) remains saturated throughout the Trenches were excavated at the DML and IES sites to year in Iowa. By evaluating a variety of till units and depths of 4 and 2.3 m, respectively, to provide access for tracers, we were able to determine a range for the diffusample collection and fracture mapping. Only minimal excavasion parameters and identify their significant differences tion was required at the SIDP site to allow access to undisamong the till samples and chemical tracers. (Table 1) . Fractures in the till were mapped on sheets of clear acetate at each site, which were used to determine the average
MATERIALS AND METHODS

Description of Sites
fracture spacing (distance between adjacent fractures, 2B ) at each site and depth. To construct the diffusion cell, the till Till samples were collected from three separate landform regions of Iowa (Fig. 1 ). Sites were chosen because they reprewas carved by hand in-situ to produce vertical columns 6.7 cm (diameter) by 7 cm (height) and then encased in a 7-cm-long sent some of Iowa's youngest and oldest till units, allowed access to a variety of depths, and because previous studies section of polyvinyl chloride (PVC) casing with an interior diameter of 7.65 cm. Although our prime objective in this had established the till stratigraphy and hydrogeology at each site. The Des Moines Lobe (DML) site is located within the study was to examine matrix diffusion in fractured till, we avoided collecting till samples with obvious fractures to obWalnut Creek watershed, 7 km south of Ames, IA on the DML landform region (Fig. 1) . The Quaternary stratigraphy serve diffusion in the matrix only. Paraffin wax was poured into the annulus between the sample and the casing. Upon and hydrogeology of the watershed were previously investigated as part of the Management Systems Evaluation Area removal from the excavation trench, each sample was sealed totally in paraffin wax and submerged in ambient groundwater (MSEA) program (Seo, 1996; Eidem et al., 1999) . The surficial deposit at the DML site (parent material) is the Alden Memto prevent disturbance and desaturation during transport to the laboratory. ber till of the Dows Formation, deposited 14 000 to 12 500 yr ago during the late Wisconsinan (Prior, 1991; Eidem et al., In the laboratory, the ends of each sample (≈1 cm) were removed, reducing the length to about 5 cm. We used the 1999). The soil series at the DML site is the Clarion, a Typic Hapludoll and part of the Clarion-Nicollet-Webster soil assomethod of van der Kamp et al. (1996) to construct the radial diffusion cells (Fig. 2) . The column ends were first sealed with ciation.
The Iowa Erosion Surface (IES) site is located 6 km southa layer of paraffin wax about 0.5 cm thick. The base of each column was capped by an end plate of high-density polyethylwest of Nashua, IA and within the Iowan Erosion Surface ene. A 1.2-cm-diameter reservoir was then drilled by hand into the center of each sample. Number 304 stainless-steel screens with a mesh opening of 1.1 mm were formed into 1.2-cm-diameter tubes and placed into the sample reservoirs to prevent sidewall collapse. The top of each sample was capped by an end plate with a hole in the center (2-mm diameter) to provide access to the sample reservoir. This access port was sealed with a removable rubber septum to minimize evaporation. The sample chambers were filled with ambient groundwater (the reservoir fluid) collected from each site and allowed to equilibrate for 1 mo before the experiment. Although the soil samples remained largely saturated after collection, small volumes of reservoir fluid (Ͻ0.1 mL per sample) were added saturated. The diffusion cells were partially submerged in a water bath to further reduce the chance of evaporation. The that it is has an aqueous diffusion coefficient (D 0 ) approxipH values of the ambient groundwater ranged from 7.5 to mately one-fifth that of Br Ϫ , and it may be analyzed by ion 7.7, which are typical of the HCO 3 -rich (250-1 119 mg L Ϫ1 ) chromatography. The tracers Br Ϫ and PFBA show D 0 values groundwater in these tills. of 1.8 ϫ 10 Ϫ9 and 7.6 ϫ 10 Ϫ10 m 2 s Ϫ1 (at 25ЊC), respectively (Bowman and Gibbens, 1992 
added simultaneously during each experiment: KBr (potassium bromide), PFBA (pentafluorobenzoic acid), and PIPES (1, 4-piperazine-diethanesulfonic acid disodium salt) (Fig. 3) . where k is the Boltzman Constant, T is temperature, is viscosity, and r is the molecular radius (6.0 ϫ 10 Ϫ10 m for Bromide has traditionally been used as a tracer because it is conservative in most soils, is rarely present in natural soil PIPES). Using Eq.
[1], the D 0 for PIPES at 25ЊC was determined to be 4.1 ϫ 10 Ϫ10 m 2 s Ϫ1 . water, and may be analyzed by ion chromatography or by ion-selective electrode. PFBA possesses similar conservative Ambient site groundwater spiked with three tracers to an initial concentration of 0.5 mM (C 0 ) was used to replace the properties, yet can be distinguished from Br Ϫ by ion chromatography (Bowman and Gibbens, 1992) . In a study of solute initial groundwater in the cell reservoir. This concentration is equivalent to 39.95 mg L Ϫ1 Br Ϫ , 106.04 mg L Ϫ1 PFBA, and transport through soil derived from DML till in Central Iowa, Jaynes (1993) concluded that PFBA behaved as a nonsorbing 167.69 mg L Ϫ1 PIPES. Because of the low hydraulic conductivity of the till matrix (Ͻ10 Ϫ10 m s Ϫ1 ), the reservoir fluid could and nondegrading tracer, similar to Br Ϫ . Although fluorobenzoates have been shown to sorb under acidic conditions (Boggs be removed using a syringe and quickly replaced without fear of desaturating the soil sample or causing advection within the and Adams, 1992), it is unlikely that PFBA would sorb to the soils evaluated in this study because their pH values (7.5-7.7) matrix. Aliquots were withdrawn nine times during a period of 28 d during the experiment and were kept small (0.1 mL) to are greater than the pK a of PFBA (2.7; Bowman and Gibbens, 1992) . PIPES is a biological buffer that was designed to miniminimize changes in reservoir concentration. An equal volume of tracer-free groundwater (0.1 mL) was returned to the resermize cation sorption and biological reactions under neutral pH (the pK a of PIPES is 6.8 according to Good et al., 1966) . voir after sampling. After sampling, the reservoir fluid was gently stirred to homogenize the concentration within the Recent studies have demonstrated that PIPES behaves as a nonsorbing and conservative tracer in soils with neutral pH reservoir. Samples were stored at 4ЊC and analyzed together at the end of the experiment. Concentrations of all tracers similar to this study (Jardine and Taylor, 1995; Moline et al., 2001; Mayes et al., 2003) . Additional benefits of PIPES are were determined by ion chromatography. Analytical precision was determined for Br
), PFBA (Ϯ1.14 mg L Ϫ1 ), and PIPES (Ϯ2.65 mg L Ϫ1 ) by analyzing replicates of spiked samples with the Student's t distribution (Harris, 1991) .
Estimates of Parameters
Effective diffusion parameters were estimated by fitting the radial diffusion model of Novakowski and van der Kamp (1996) to the experimental results. The model calculates solute concentration in the sample reservoir as a function of time, and includes diffusion, equilibrium adsorption, and first-order mass loss. The governing equation for radial diffusion is
where c is solute concentration, t is time, r is distance from the cell center, R is the retardation factor, and is the firstorder degradation coefficient (Novakowski and van der Kamp, 1996) . The solution to Eq.
[2] (Eq.
[8] in Novakowski and van der Kamp, 1996) uses a Laplace transform method and assumes an equilibrium initial condition and a no-diffusion boundary at the outer edge of the diffusion cell. The boundary conditions of the radial diffusion cell necessitate a Laplace inversion algorithm to solve Eq.
[2]; hence, the Stehfest (1970) 
RESULTS AND DISCUSSION
algorithm was used for the inversion. The Novakowski-van der Kamp solution was fit to the experimental results using
Observed and Modeled Results
the Levenberg-Marquardt algorithm (Marquardt, 1963) . In
Concentrations of the three tracers decreased with theory, this approach provides estimates of D e , De , R, and .
time and approached equilibrium concentrations near
In practice, however, the effect of sorption and degradation might be mistaken for diffusion, which would produce nonthe end of the 28-d experiment (Fig. 4) . In all cases, the unique estimates of D e and De (Novakowski and Van der rate of concentration decline of Br Ϫ was the most rapid, Kamp, 1996) . Hence, only conservative compounds were evalfollowed by PFBA, then PIPES. (Willmott et al., 1985) . The parameter d 1 is given by model provided excellent fits to the observed data, and d 1 values ranged from 0.87 to 0.95 (Table 2 ). In short, diffusion occurred in the till, the experiments proceeded
according to established theory, and the radial diffusion model was applied to provide estimates of effective diffusion parameters.
where O and P are the observed and model-simulated data, O is the mean value of observations, and n is the number of (Table 3) . These values are is considered superior to R 2 because it is less sensitive to ferences among samples and tracers (Conover, 1980 Hirsch, 1992) . typical for the till and comparable to those determined from the large till columns (Helmke et al., 2004 ). In contrast, De ranged from 24.7 to 31.0, 25.3 to 29.8, and 18.6 to 24.6% for Br Ϫ , PFBA, and PIPES, respectively (Table  3) , with overall means of 28.3 (Br (Fig. 5) , suggesting a compound-specific influence on diffusion. Meegoda and Gunasekera (1992) reported that De was smaller for heavier compounds (propanol and glycerol) than lighter compounds (acetone), similar to what was observed for the heavier PIPES compound in our experiments. Van der Kamp et al. (1996) reported values of De for chloride and sulfate ions were less than T values. Although De was significantly less (statistically) than T values in most cases, this difference was smaller than the 50% difference between De and T reported by Meegoda and Gunasekera (1992) and van der Kamp et al. (1996) . Those authors attributed differences between De and T to isolated pores, bound water, and ion exclusion that are perhaps more typical of the clayey materials they investigated than the loamy till investigated here.
Total and Effective Diffusive Porosity
Effective Diffusion Coefficient
Values of D e ranged from 5.0 to 6.4 ϫ 10 Wallis test indicated that there were no significant dif- approach, these models are particularly well suited for ferences in D e (Table 3 ) among the till samples within field-scale simulations of advection and diffusion through a single tracer (p ϭ 0.05). This was not unexpected fractured till. For this study, the matrix blocks were asbecause D e is most influenced by a significant difference sumed to be prismatic slabs (requiring a shape factor of in pore structure (Mehta et al., 1995) and all the tills 3 as proposed by van Genuchten, 1985) of width equal evaluated in this study were similar in texture (loam) to the fracture spacing (2B). Therefore, parameters a and porosity (Tables 1 and 3 were significantly different from each other (p ϭ 0.05) the need for compound-and site-specific experiments when grouped by tracer, and a similar trend of decreasto accurately estimate this diffusion parameter.
ing ␣ with greater molecular weight of the tracer is also shown (Fig. 7) .
Mass-Exchange Coefficient
Whereas diffusion parameters D e and De are required
CONCLUSIONS
for models that simulate diffusion as a second-order process (Helmke et al., 2004) , mobile-immobile models, Experiments conducted with tracers in eight till samsuch as those proposed by Coats and Smith (1964) , Sudples indicated that diffusion was the primary process of icky (1989), van Genuchten and Wagenet (1989) , and solute transport in the radial diffusion cells. Agreement Toride et al. (1999) , require a first-order mass exchange between observed and modeled tracer concentration coefficient (␣) and the porosity of the immobile region during a 28-d period shows that the radial diffusion ( im ). Our experiments allow direct estimates of ␣ from model provides an accurate and efficient method for (van Genuchten, 1985; Parker and Valocchi, 1986; Sudicky, 1990) . Equation [4] can be applied to a system of assuming that the conservative tracers used in this study were nonsorbing. The first-order mass exchange coeffiequally spaced, parallel fractures (Sudicky, 1990) and to spherical soil aggregates (Rao et al., 1980) . Due to cient, ␣, was calculated directly from D e , De , and field parameters (i.e., fracture spacing). Not surprisingly, ␣ the efficiency of models that use a first-order diffusion
